and conservation of endangered species (Wambugu et al., 2015) . Here, we assembled the plastid genome of five Nicotiana species and compared their sequences 1 0 5 to gain insight into the chloroplast genome structure of the genus Nicotiana. We also inferred the 1 0 6 phylogenetic relationship of genus Nicotiana and investigated the selection pressures acting on 1 0 7 protein-coding genes, then identified mutational hotspots in the Nicotiana plastid that might be 1 0 8 used for the development of robust and cost-effective markers in crop breeding or taxonomy. Editing Predictor of Chloroplast) was used with default settings to determine putative RNA 1 3 9 editing sites (Mower, 2009) and the codon usage and amino acids frequencies were determined 1 4 0 by Geneious R8.1 software (Kearse et al., 2012) . di-and 3 for tri-, tetra-, penta-and hexanucleotide SSRs. We also used REPuter software (Kurtz, 1 4 5 2002) with the following parameters: minimal repeats size was set to 30 bp, Hamming distance 1 4 6 to 3, minimum similarity percentage of two repeats copies up to 90%, maximum computed 1 4 7 repeats numbers to 500 bp for scanning and visualizing forward (F), reverse (R), palindromic (P) 1 4 8 1 0 77 protein-coding genes for five selected Nicotiana species using S. dulcamara as a reference 2 7 0 (Table S6) . Among the analyzed genes, 31 had K s =0, 19 had K a =0, and 39 genes had both K s and 2 7 1 K a =0 values. Of the investigated genes, 21 showed a K a /K s ratio of more than 0.5. Eight of these 2 7 2 genes (atpF, psaA, ycf4, psbB, infA, ndhB, rpl32 and ccsA) had a K a /K s ratio greater than 0.5 for 2 7 3 one species, ycf1 had K a /K s greater than 0.5 for two species, while atpA, rps2, rpoB, rps12, ycf2, 2 7 4 ndhG had K a /K s greater than 0.5 for three species whereas genes rpoC1, atpB, rpoA, ndhD had 2 7 5 K a /K s ratio more than 4 species and rpoC2 and ndhF had K a /K s ratio for all species. We selected 2 7 6 the genes atpB, rpoA, ndhD, ndhF, rpoC1 and C2 for further analysis using FUBAR and 2 7 7 MEME. FUBAR estimates the number of nonsynonymous and synonymous substitutions at each 2 7 8 codon given a phylogeny, and provides the posterior probability of every codon belonging to a rpoA, ndhF and rpoA (Table 1) . Thus, the methods described suggested six amino acid 2 8 6 replacements altogether as candidates for positive selection, of which three were fixed in all 2 8 7
Nicotiana, and three were restricted to diverse groups of species (see Table 1 ). Repeat analysis performed with MISA revealed high similarity in chloroplast microsatellites 2 9 0 (cpSSRs) ranging from 368 to 384 among tobacco species. The majority of the SSRs in these 2 9 1 plastid genomes were mononucleotide rather than trinucleotide or dinucleotide. The most 2 9 2 dominant of the SSRs were A/T motifs mononucleotides, and in dinucleotides AT/TA motifs 2 9 3 were the second most predominant. Mononucleotide SSRs varied from 7-17 units repeats; dinucleotide SSRs from 4-5-unit repeats while other SSRs types were present mainly in 3-unit 2 9 5 repeats. Mostly the SSRs existed in LSC, in comparison to IR and SSC (Fig 4) (Table S7 ). REPuter software was used to identify and locate forward (F), reverse (R), palindromic (P), and 2 9 7 complementary (C) repeats in all the species of Nicotiana. In the plastomes of five Nicotiana 2 9 8 species, we found 117 oligonucleotide repeats: 25 in N. knightiana, 23 in N. rustica, 21 in N. present in large numbers as compared to others in all species: 11 (44%) (F) and 14 (56%) (P) in 3 0 1 N. knightiana, 14 (60%) (F) and 9 (39%) (P) in N. rustica, and 12 (57%) (F) and 9 (42%) (P) in 3 0 2 N. paniculata, 14 (56%) (F) and 11 (44%) (P) in N. obtusifolia, 9 (39%) (F) and 11 (52%) (P) in 3 0 3 N. glauca. The size of oligonucleotide repeats varied from 30-65 bp, and many of these repeats existed mostly in IGS, followed by CDS and intronic regions ( Fig. 5) (Table S8 ). The number of 3 0 8 tandem repeats varies from 24-27 between these Nicotiana species. The IGS region contains the 3 0 9 most tandem repeats followed by the CDS region. The size of these repeats varied between 20 to 3 1 0 88 among Nicotiana (Fig. 6 ). 
Single nucleotide polymorphism and insertion/deletion analyses in Nicotiana
We investigated substitution types in the five plastomes of Nicotiana species (one IR removed), (single nucleotide polymorphism) ( Table 2) . Ts/Tv ratio were as follows: Nicotiana knightiana were also examined using DnaSP in all regions of the chloroplast genome. In total, Nicotiana (143) and Nicotiana glauca (113) indels were found. The LSC region held the majority of the 3 2 9 indels, followed by SSC, whereas IR contained minimum indels (Table 3) . Nicotiana   3  3  1 The CDS, intron and IGS regions of the whole plastid genome of five Nicotiana species were 3 3 2 compared to discover polymorphic regions (mutational hotspots). High polymorphism was found 3 3 3 in intronic regions (average π =0.167) in comparison to IGS (π=0.031) and CDS regions (average 3 3 4 π =0.002). Among Nicotiana species, the nucleotide diversity values varied from 0 (ycf3) to 0.306 3 3 5 (rps12 intron region) ( Fig. 7) . Here, 20 highly polymorphic regions were determined that might 3 3 6 be used as potential makers to reconstruct the phylogeny for identifying Nicotiana species (Table   3 3 7 4). Phylogenetic analysis within Nicotiana plastid genomes were reconstructed with the maximum 3 4 0 likelihood method, based on selected and concatenated protein-coding genes. Our phylogenetic 3 4 1 analyses resulted in a highly resolved tree (Fig 8) , with almost all clades recovered having 3 4 2 maximum branch support values. After the elimination of indels, the tree was reconstructed 3 4 3 based on alignment size of 75,449 bp with the best fitting model GY+F+I+G4 (Fig 8) . We BEAST. This analysis found that the divergence of N. undulata appeared 5.36 (highest posterior 0.65-0.46). This analysis showed that the Nicotiana species included in the analysis are not older 3 5 0 than the end of the Pliocene and that most subsequent evolution must have occurred in the 3 5 1
Divergence hotspot regions in
Pleistocene. The timing of these lineage splits, in addition to the current distributions of four 3 5 2 closely related species, were used to infer the progression of migratory steps in RASP (Fig 9) . The most recent common ancestor (MRCA) area illustrated a dispersal event for N. paniculata in like intron open reading frames (ORFs) (Hausner et al., 2006) . As in the plastid genomes of The plastomes of land plants have conserved structure but diversity prevails at the border Repeats in the chloroplast genome are useful in evolutionary studies and play a vital role in 3 8 7 genome arrangement (Zhang et al., 2016) . Here, we detected that the mononucleotide repeats Nicotiana, which may be a result of the A/T rich proportion of chloroplast genome. A similar 3 9 0 1 4 result was also reported in Nicotiana otophora (Asaf et al., 2016) . In all the species of 3 9 1 Nicotiana, the LSC region contained a greater amount of SSRs in comparison to SSC and IR, identifying polymorphic regions (Ahmed et al., 2012; Ahmad, 2014) . The current study results of other angiosperm plastome studies (Asaf et al., 2016; Yang et al., 2019) . Thus, the presence of 3 9 8 both the high divergence regions in IGS and oligonucleotide repeats suggest that these regions To understand the molecular evolution, it is important to know about the nucleotide substitution respectively that were more polymorphic than frequently used markers such as rbcL, and matK. These regions could be suitable markers for population genetics and phylogenetic analyses, The patterns of synonymous (K s ) and non-synonymous (K a ) substitution of nucleotides are 4 3 8 essential markers in evolutionary genetics defining slow and fast evolving genes (Kimura, 1979) . pressure as a result of specific environmental conditions. This has been conclusively supported Mixed Effects Model of Evolution (MEME) methods, which identified the set of positively 4 5 2 selected codons in case of atpB, ndhD, ndhF and rpoA (Table 5) , but provided no further 4 5 3 evidence for rps2 and rps12. NDH monomers are sensitive to high light stress, suggesting that the ndh genes encoding the demand for ATP is higher than that for NADPH (e.g., during photosynthetic induction, at high or PSI is likely to be activated (Yamori, 2016; Yamori & Shikanai, 2016 These findings might be also supported by our observation that RNA editing sites occurred 4 7 9
Positive selection on Nicotiana plastid genes
frequently in Nicotiana ndh genes (Table S3 ). It has been shown that ndhB mutants under lower Our comparative plastid genome analysis revealed that the maternal parent of the tetraploid N. also revealed that N. knightiana is more closely related to N. rustica than N. paniculata, which 5 0 7
can be further corroborated by the distribution of indels highlighted in the present study. The North/Central Peru, while N. rustica developed in Southern Peru and separated from N. might have been associated with successful adaptation to, for example, a coastal environment. photosynthetically active radiation were correlated with speciation processes (Pease et al., 2016) .
Another example of rapid adaptive radiation from the family is the genus Nolana L.f., where in the Pleistocene and Pliocene while substantial climatic transitions in Peru predate these events. The dispersal of N. rustica and related species shows a south-to-north range expansion and 5 3 0 diversification which has been suggested by phylogenies of other plant and animal groups in the 5 3 1
Central Andes (Picard, Sempere & Plantard, 2008; Lueber and Weigend, 2014) . Based on the 5 3 2 south-to-north progression scenario, habitats located at high altitudes were first available for 5 3 3 colonization in the south, recently continuing to northward. Erosion and orogenic progression 5 3 4
caused dispersal barriers of species colonizing these high habitats to diversify in a south-to-north 5 3 5 pattern, frequently following allopatric speciation. Thus, for taxonomic groups currently residing 5 3 6 throughout a large portion of the high Andes, a south-to-north speciation pattern is expected 5 3 7 (Doan, 2003) . In this case the most basal species (N. undulata) has more southern geographic 5 3 8 ranges, and the most derived species (N. rustica) has more northern geographic ranges except for Nicotiana species examined show overlaps in their distribution, it is probable that speciation was caused by fragmentation of populations during the glacial period (see Simpson, 1975) . Utilizing 
